Viral infection is usually studied at the population level by averaging over millions of cells. However, 10 infection at the single-cell level is highly heterogeneous. Here, we combine live-cell imaging and single-11 cell RNA sequencing to characterize viral and host transcriptional heterogeneity during HSV-1 infection of 12 primary human cells. We find extreme variability in the level of viral gene expression among individually 13 infected cells and show that they cluster into transcriptionally distinct sub-populations. We find that anti-14 viral signaling is initiated in a rare group of abortively infected cells, while highly infected cells undergo 15 cellular reprogramming to an embryonic-like transcriptional state. This reprogramming involves the 16 recruitment of beta-catenin to the host nucleus and viral replication compartments and is required for late 17 viral gene expression and progeny production. These findings uncover the transcriptional differences in 18 cells with variable infection outcomes and shed new light on the manipulation of host pathways by HSV-19 1. 20 21 24 throughout the host life with occasional reactivation. Here, we focus on the lytic part of the virus life cycle. 57
INTRODUCTION 25 26
Viruses are obligatory intracellular parasites that rely on the biochemical functions of their hosts to carry 27 out infection. While usually studied at the level of cell populations, viral infection is inherently a single-28 cell problem, where the outcome of infection can dramatically differ between genetically identical cells. 29
For example, early studies in the 1940s investigated the burst size of individually infected bacteria and 30 concluded that it both spans three orders of magnitude and cannot be solely attributed to differences in 31 bacteria size (Delbrück, 1945) . A later study measured the burst size from individual HeLa cells infected 32 with Herpes Simplex virus 1 (HSV-1) and found that many of the infected cells did not release any progeny, 33 that the variability between individual cells was high and that it did not correlate with the multiplicity of 34 infection (MOI) used (Wildy et al., 1959) . More One well-known source of this variability is the random distribution of the number of viruses that individual 39 cells encounter (Parker, 1938; Smith, 1968; Cohen and Kobiler, 2016) . Another source is genetic variability 40 in the virus population, with some virus particles being unable or less fit to establish infection (Huang and 41 Baltimore, 1970; Lauring et al., 2013; Stern et al., 2014) . 42
It is becoming clear that a third source of this variability is the host cell state at the time of infection (Snijder providing a wealth of new information on viral infection, it is currently limited to the characterization of 50 highly abundant transcripts. Thus, it is clear that a better understanding of viral infection requires studies at 51 the single-cell level. 52
HSV-1 is a common human pathogen that belongs to the herpesviridae family and serves as the prototypic 53 virus for studying alpha herpesviruses infection. HSV-1 de novo infection has both lytic and latent phases. 54
In the lytic phase, the virus infects epithelial cells at the site of contact, where it replicates, destroys the host 55 cell and releases viral progeny. The latent phase is restricted to neurons, in which the virus remains silent 56 the disruption of transcription termination (Rutkowski et While incredibly informative, population-level analyses suffer in that they average over all the cells in the 81 population. In the case of virus-infected cells, the population is far from homogenous and could in fact 82 contain opposite phenotypes such as highly-infected and abortively-infected cells, leading to contradictory 83 results. One such example is the seemingly complex relation between HSV-1 infection and type I interferon 84
(IFN) signaling. The picture that emerges from population-level measurements is oxymoronic, with wild- 
measurements. 90
Here, we apply a combination of live-cell time-lapse fluorescent imaging, scRNA-seq and sequencing of 91 sorted cell populations to explore HSV-1 infection at the single-cell level. We find that single cells infected 92 by the virus show variability in all aspects of infection, starting from the initial phenotype (abortive 93 infection vs. successful initiation of viral gene expression), through the timing and rate of viral gene 94 expression and ending with the host cellular response. This study resolves the apparent discrepancy in the 95 literature regarding type I IFN induction and shows that it is restricted to a rare sub-population of abortively-96 infected cells. Surprisingly, we find that the main transcriptional response in highly-infected cells is the 97 reprogramming of the cell to an embryonic-like state. We focus on the viral activation of the WNT/β-98 catenin pathway and find that β-catenin is recruited to cell nucleus and the viral RCs and is required for 99 viral gene expression and progeny production. In addition to increasing our understanding of the basic 100 nature of viral infection, these findings could potentially have clinical implications for the use of oncolytic 101 HSV-1 based viruses for cancer treatment. 
Viral infection dynamics varies among individual cells 106
We began by studying the temporal variability in viral gene expression initiation. To do so, we employed 107 a wild-type HSV-1 (strain 17) that was genetically modified to express ICP4-YFP (Everett et al., 2003) . 108
Primary human fibroblasts (HDFn) were infected at a multiplicity of infection (MOI) of 2 and monitored 109 by time-lapse fluorescent microscopy ( Fig. 1A , supplementary Movie 1). An MOI of 2 was chosen as it 110 resulted in ~50% of the cells becoming ICP4-positive during primary infection. Note that we determined 111 the genome:PFU ratio for our viral stock and found it to be 36±4, suggesting that all the cells in the culture 112 have likely encountered numerous virus particles. 113 Initiation of ICP4 expression was observed to mostly occur between 1 and 4 hours post-infection ( Fig. 1B) . 114 Almost no new infections were observed between 4-6 hours, but two infection peaks were later seen at 8 115 and 11 hours. These peaks are likely the result of secondary infections, since new viral progeny can be 116 detected in infected cells starting at 6 hours post-infection (Pomeranz and Blaho, 2000; Ikeda et al., 2011; 117 Drayman et al., 2017) . Given that the majority of infected cells have initiated viral gene expression by 5 118 hours, we chose this time point for further analyses. At 5 hours, two cellular populations can be clearly 119 distinguished: cells which successfully initiated viral gene expression (ICP4 + ) and cells in which infection 120 was aborted (ICP4 -). Of 1,814 cells infected with HSV-1, 996 cells (55%) were ICP4 + and 818 (45%) were 121
ICP4 -. 122
Among the ICP4 + cells, nuclear levels of ICP4 varied by ~100-fold, ranging from 7x10 4 to 9x10 6 AU ( Fig.  123 1C). Infected cells showed three distinct phenotypes in regards to ICP4 localization ( Fig. 1D ). Upon its 124 expression, ICP4 is initially diffuse throughout the cell nucleus. As its level increases, ICP4 forms discrete 125 foci in the nucleus. These are the viral RCs, where viral DNA replication takes place. Later, the levels of 126 cytoplasmic ICP4 increases and interspersed foci can be seen in the cytoplasm. These phenotypes are 127 temporally linked and delineate the progression through infection. As evident by time-lapse microscopy 128 (supplementary Movie 1), individual cells show a high degree of variability not only in the timing of initial 129 gene expression, but also in the rate of infection progression. 130
Taken together, we find that not all infected cells successfully initiate viral gene expression under these 131 experimental conditions. Those that do initiate viral gene expression show variation in the timing of initial 132 gene expression, the rate of infection progression and the level and localization of the immediate-early 133 protein ICP4. These results prompted us to explore cellular heterogeneity on a larger scale by applying 134 single-cell RNA-sequencing (scRNA-seq) to infected cells. 135
Viral gene expression is extremely variable among individual cells 136
HDFn were mock-infected or infected with wild-type or a ICP0 HSV-1 mutant and harvested for scRNA-137 seq at 5 hours post-infection. We chose to include the ICP0 mutant as it results in a relatively high number 138
of abortive infections and a robust activation of anti-viral responses. For scRNA-seq we applied the Drop-139 seq protocol (see Methods and (Macosko et al., 2015) . Briefly, a microfluidic device was used to 140 encapsulate individual cells in a water-in-oil droplet in which cell lysis, mRNA-capture and barcoding took 141 place. The barcoded mRNA was then recovered from the droplets, reverse-transcribed, amplified and 142 sequenced. Since each cDNA was barcoded with a cell and transcript ID, the sequencing data allows reliable 143 quantification of the number of transcripts in individual cells. 144
Only 0.4% of mock-infected cells had any reads aligned to the HSV-1 genome, with a maximal expression 145 of 2 viral gene counts (0.05% of transcripts). Cells infected with either wt or ICP0 HSV-1 showed extreme 146 cell-to-cell variability in the amount of viral transcripts they express, ranging from 0-36% (Fig. 1E ). The 147 viral gene expression distribution was highly skewed, with most cells expressing low levels of viral 148 transcripts and some cells expressing much higher levels (Fig. 1E ). The Gini coefficient, a measurement of 149 population inequality ranging from zero (complete equality) to one (complete inequality), was used to 150 evaluate the distribution of viral gene expression among individual cells. The Gini coefficients were 0.8 for 151 6 wt infection and 0.77 for ICP0, higher than that reported for viral gene expression by Influenza virus 152 (0.64, (Russell et al., 2018) ). When wt viral gene expression is visualized in two-dimension (using the tSNE 153 dimensionality reduction technique (Maaten and Hinton, 2008)), two clusters of cells can be seen, 154
distinguished by the amount of viral gene expression (less or more than ~1%, Fig. 1F ). A similar distribution 155 was seen for ICP0 infected cells, although there were significantly less cells in the "highly-infected" 156 cluster ( Supplementary Fig. 1 ). 157
To further explore cell-to-cell variability in viral gene expression, we analyzed the relative expression of 158 the four groups of viral transcripts, corresponding to their temporal order of expression: immediate-early 159 (IE), early (E) and late (subdivided into early-late (1) and true-late (2)). We focused on the group of 160 highly infected cells, since the lowly infected cells had too few viral gene counts for accurate analysis. Supplementary Fig. 1 ). 165
Our scRNA-seq data indicates a wide and uneven distribution of viral gene expression during HSV-1 166 infection, with most cells expressing none or low levels of viral gene transcripts and a smaller group 167 expressing much higher levels, in agreement with the ICP4 expression levels presented above. We note that 168 significant cell-to-cell differences are seen even within the group of highly infected cells, with viral gene 169 expression ranging from 1% to >30%, and that this "viral expression load" is correlated with late gene 170 expression. 171
The cell-cycle affects HSV-1 gene expression 172
The effect of the cell cycle on HSV-1 infection was evaluated by calculating a cell-cycle score for each cell 173 in our dataset (Tirosh et al., 2016) and measuring the correlation between HSV-1 gene expression and the 174 cell-cycle score ( Supplementary Fig. 2 ). We found that viral gene expression is negatively correlated with 175 the cell-cycle score, with cells in the later parts of the cell cycle expressing ~10-fold less viral genes than 176 those in the early part of the cycle. This finding is in agreement with previous results, showing that cells in 177 the G2 phase of the cell-cycle are less likely to initiate viral gene expression (Drayman et al., 2017) . 178
As the cell-cycle is both a major source of cell-to-cell variability and negatively correlated with viral gene 179 expression, it was crucial to regress out the cell-cycle effect before analyzing the host response 180 ( Supplementary Fig. 2 ). We could now turn to analyze the host genes that are differentially expressed 181 among HSV-1 infected cells, starting with the anti-viral response.
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The anti-viral program is only detected in a rare sub-population of abortively infected cells 183
As previous population-level studies reported the activation of anti-viral genes during wild-type HSV-1 184 infection, we hypothesized that highly infected cells (Fig 2A,B , cluster 1) should be enriched for anti-viral 185 genes. To our surprise, differential gene expression analysis of the two clusters did not indicate up-186 regulation of the anti-viral response in cluster 1 (Sup. Table 1 ). In fact, canonical anti-viral genes such as 187 IFIT2 and IFIT3 were only detected in 2-3% of the cells from both clusters 1 and 2 ( Fig. 2C ). 188
One possible explanation is that anti-viral genes are indeed expressed in highly infected cells but were not 189 detected by scRNA-seq due to technical limitations. To investigate this, infected cells were FACS-sorted 190 into two populations based on ICP4-YFP expression (ICP4 + and ICP4 -) and each population was sequenced. 191
In agreement with the scRNA-seq data, expression of canonical anti-viral genes was not significantly 192 different between mock-infected and ICP4 + cells. Rather, our analysis indicated that a small group of genes, 193 including the anti-viral genes IFIT1 and IFIT2, were specifically up-regulated in the ICP4population ( Fig.  194 2D, Sup. Table 2 ). The Gene Ontology (GO) biological processes associated with these up-regulated genes 195 included terms such as "response to type I interferon" and "immune response" (Sup. Table 3 ). QPCR 196 validation of selected transcripts is shown in Fig. 2E . 197
To pinpoint the origin of the anti-viral response cells were stained for IRF3, as IRF3 translocation from the 198 cytoplasm to the nucleus is one of the first steps in type I interferon response. In ICP4 + cells, IRF3 was 199 blocked from entering the nucleus and concentrated in the nuclear periphery ( Fig. 2F ), while a rare subset 200 of ICP4cells (<1%) showed nuclear localization of IRF3. 201
We next evaluated the anti-viral response in cells infected by ICP0 HSV-1. ICP0 is a multifunctional viral 202 protein, which blocks IRF3 signaling (Lin et al., 2004) . Cells infected with ICP0 clustered into four groups 203 ( Fig. 3A ). Cluster 1 consists of abortively-infected cells with very few viral transcripts. Clusters 2 and 3 204 have slightly higher viral gene expression and the small cluster 4 consists of highly-infected cells ( Fig.  205 3B,D). While the magnitude of the anti-viral response in ICP0-infected cells was much greater than that 206 of wt-infected cells (Fig. 2) , it was still only observed in a small population of cells, with ~8% of the cells 207 expressing IFIT1 and MX2 (compared to none of the mock-infected cells). These cells had low viral gene 208 expression levels and belonged to clusters 1-3 ( Fig. 3C,D) . Anti-viral signaling was not seen in highly-209 infected cells of cluster 4 ( Fig. 3C,D) . 210
RNA-sequencing of sorted cells that were infected with ICP0 identified ~80 genes as significantly up-211 regulated in ICP4cells compared to mock and ICP4 + cells ( Fig. 3E , Supplementary Table 4 ). These genes 212
were enriched for functional annotations of anti-viral signaling ( Fig. 3F , Supplementary Table 5 ) and 213 binding sites of the transcription factors IRF1, IRF7 and STAT5 ( Fig. 3G , Supplementary Table 6 ). An 214 important difference from wt infection is that, while enriched in the ICP4population, these anti-viral genes 215 are also activated in the ICP4 + population, albeit to a lesser extent ( Fig. 3H ). We confirmed this observation 216 through immunofluorescent staining of IRF3 (Fig. 3I ). The staining showed a higher proportion of cells 217 with nuclear IRF3 localization compared to wt-infected cells. The majority of cells with nuclear IRF3 were 218 ICP4but some ICP4 + cells also showed nuclear IRF3 staining. These ICP4 + cells showed diffuse nuclear 219 localization of ICP4, which indicates that infection was aborted prior to the generation of replication 220 compartments (Fig. 1D ). The few cells that were able to proceed to the later stages of infection (as indicated 221 by the appearance of replication compartments and cytoplasmic ICP4 foci) showed the same peri-nuclear 222 aggregation of IRF3 as wt-infected cells ( Fig. 3I and Fig. 2F ). 223
Altogether, sequencing of both single cells and sorted cell populations, as well as immuno-fluorescence 224 staining of IRF3, suggests that the anti-viral program is initiated in a small subset of abortively-infected 225 cells but is blocked in highly infected cells, even in the absence of ICP0. This behavior explains the apparent 226 discrepancy between previous population-level measurements that showed both activation and inhibition 227 of type I interferon signaling during HSV-1 infection. 228
HSV-1 infection results in transcriptional reprogramming of the host to an embryonic-like state 229
We next focused on genes that are up-regulated during HSV-1 infection, in either the scRNA-seq or sorted 230 cell population experiments. 977 genes were significantly up-regulated in wt ICP4 + cells as compared to 231 both ICP4and mock-infected cells (Fig. 4A , Sup. Table 7) . 87 genes were significantly up-regulated in 232 highly infected single cells (Fig. 4B , Sup. Table 1 ). Remarkably, we found that a major portion of these up-233 regulated genes are associated with GO terms that concern regulation of RNA transcription and 234 developmental processes (Fig. 4C ,D and Sup. Tables 8-9). Similar results were observed in cells infected 235 with ICP0 ( Supplementary Fig. 3 and Supplementary Tables 10-15 ). 236
The promoters of these genes are enriched for binding sites of several transcription factors, including Sp1, 237 MAZ, LEF1 and TCF3 ( including the WNT, Notch, Hedgehog and TGFsignaling pathways. In agreement with the less efficient 245 infection by ICP0, most of these transcripts are also up-regulated in ICP0-infected ICP4 + cells, but to a 246 lesser degree than in wt-infected cells. Concomitant with the establishment of this embryonic-like 247 transcriptional program, we observed a reduction in the levels of key fibroblast marker-genes, such as 248 1(III) collagen and fibronectin ( Fig. 5B) . 249
We conclude that cells highly-infected by HSV-1 undergo de-repression of embryonic and developmental 250 genetic programs, including the WNT/-catenin pathway. 251
-catenin translocates to the nucleus and concentrates in the viral replication compartments 252
Since many of the up-regulated genes are known WNT target genes and/or contain LEF/TCF binding sites 253 in their promoters, we investigated the state of -catenin in infected cells. Infected cells were fixed and 254 stained for -catenin at 5 hours post-infection ( Fig. 6A ). As expected, -catenin was mainly 255 cytoplasmic/membrane-bound in mock-infected cells. In HSV-1 infected cells, -catenin showed three 256 distinct localization patterns: un-perturbed (cytoplasmic), diffuse nuclear or aggregated in nuclear foci ( Fig.  257 6A,B). Similar results were obtained for cells infected by ICP0 ( Supplementary Fig. 4) . 258
At 5 hours post-infection, 37% of the cells were ICP4 negative, 14% were at the earliest stage of infection 259 (diffuse nuclear ICP4), 31% have assembled viral replication compartments and 18% progressed to show 260 cytoplasmic foci of ICP4 ( Fig. 5C ). ICP4 levels increase from one group to the next, in accordance with 261 the temporal progression of infection ( Fig. 6D) . 
-catenin activation is necessary for late viral gene expression and progeny production 271
Since -catenin target genes are activated by the virus, and since -catenin is recruited to the viral 272 replication centers, we hypothesized that -catenin activity is required for the completion of the viral life 273 cycle. We infected cells treated with an inhibitor of -catenin activity, iCRT14 (Gonsalves et al., 2011) , 274
and measured viral gene expression at 5 hours post-infection ( Fig. 7A-D) . Our results indicate that -catenin 275 inhibition had no or minimal impact on immediate-early gene expression ( Fig. 7A ) but significantly 276 inhibited early and late gene expression ( Fig. 7B-D) . These observations are in agreement with the late 277 recruitment of -catenin to the viral RCs described above. 278
To measure the impact of -catenin inhibition on viral progeny formation, we treated the cells with iCRT14, 279 infected the cells for 24 hours and harvested and titrated the resulting viral progeny by plaque assay (Fig.  280   7E) . In accordance with its impact on late viral gene expression, -catenin inhibition significantly reduced 281 viral progeny formation (Fig. 7F) . Similar results were obtained when -catenin was silenced using siRNA 282 ( Fig. 7G,H) . 283
Taken together, our data show that HSV-1 reprograms the cell to an embryonic-like state, in part through 284 the co-option of -catenin, which is needed for late viral gene expression and progeny production. With regard to IFN response, we find that two opposite phenotype exist in the population of infected cells, 296 explaining the discrepancy in the literature. Surprisingly, we find the IFN indication is limited to a small 297 group of abortively infected cells, even in cells infected by the ICP0 mutant (Fig. 2,3 ). Why only a subset 298 of cell activate the anti-viral program is an intriguing question and several hypotheses come to mind. For 299 example, these cells could be poised for IFN induction due to stochastic variability in expression of the 300 signaling pathway components (Zhao et al., 2012; Patil et al., 2015) or it might be linked to the number of 301 viral particles a cell encounters. We plan to pursue and further characterize these rare cells in future studies. 302
We further found that highly-infected cells undergo transcriptional reprogramming and activate multiple 303 developmental pathways. Focusing on -catenin, we found it localization correspond to distinct stages in Fever virus (Harmon et al., 2016) . 309
How HSV-1 infection causes this massive reprogramming of the host cell state is currently unknown, 310
although we can rule out a direct involvement of ICP0, since this reprogramming is also occurring during 311 infection with ICP0, albeit to a lesser extent. While -catenin activation is certainly one part of this, it is 312 likely that the expression of epigenetic regulators is also important. Indeed, a proteomics study of the host 313 
MATERIALS AND METHODS 340
Cells, viruses and inhibitors 341
Primary neonatal human dermal fibroblast (HDFn) were purchased from Cascade Biologics (cat #C0045C), 342 grown and maintained in medium 106 (Cascade Biologics, cat #M106500) supplemental with Low Serum 343 HDFn cells were seeded on 6-well plates and allowed to attach and grow for one day. On the day of the 357 experiment, cells were counted and infected with HSV-1 at an MOI of 2. Cells were washed once with 106 358 medium without supplements and virus was added in the same media at a final volume of 300l per well. 359
Virus was allowed to adsorb to cells for one hour at 37C with occasional agitation to avoid cell drying. The 360 inoculum was aspirated and 2ml of full growth media was added and this point was considered as "time 361 zero." Cells were imaged in a Nikon Ti-Eclipse, which was equipped with a humidity and temperature 362 control chamber. Images were acquired every 15 minutes for 24 hours from multiple fields of view. Image 363 analysis was performed with ImageJ and MATLAB. 364
Single-cell RNA-sequencing 365
HDFn infected with HSV-1 at an MOI of 2 were harvested at 5 hours post-infection and washed three times 366 in PBS containing 0.01% BSA. Cells were counted and processed according to the Drop-seq protocol 367 control, cell clustering, correlation and differential gene expression analyses and data visualization. All the 377 scripts used for data analysis and visualization are available upon request. 378
RNA-sequencing of sorted cells 379
HDFn cells were mock or HSV-1 infected at an MOI of 2, trypsinized, washed and re-suspended in full 380 growth media. Cells were filtered through a 100m mesh into FACS sorting tubes and kept on ice. HSV-1 381 infected cells were sorted into two populations based on ICP4-YFP expression. 0.5 million cells were 382 collected from each population. Mock-infected cells were similarly sorted. ICP4 negative cells had the same 383 level of YFP fluorescence at mock-infected cells. For ICP4 positive cells, we collected cells that were in 384 the top 30% of YFP expression. The two populations were clearly separated from each other. Sorting was 385 performed on an AriaFusion FACS machine (BD) at the University of Chicago flow-cytometry core facility. 386
Total RNA was extracted from cells using the RNeasy Plus Mini Kit (QIAGEN) and submitted to The 387
University of Chicago Genomics core for library preparation and sequencing on a HiSeq4000 platform 388 (Illumina). Reads were mapped to a concatenated version of the human and HSV-1 genomes with STAR 389 aligner (see single-cell RNA-sequencing above for details). Reads were counted using the featureCounts 390 command, which is a part of the Subread package (Liao et al., 2013) . Further analyses were performed in 391 MATLAB and included differential gene expression analyses and data visualization. All the scripts used 392 for data analysis and visualization are available upon request. 393
Sequencing data availability 394
All sequencing data has been deposited in the Gene Expression Omnibus (GEO) under accession number 395
GSE126042. 396
Immunofluorescence staining 397
HDFn were seeded in 24-well plates and allowed to attach and grow for one day. Cells were infected as 398 above and fixed using a 4% paraformaldehyde solution at 5 hours post-infection. Cells were fixed for 15 399 minutes at room temperature and washed, blocked and permeabilized with a 10% BSA, 0.5% Triton-X 400 solution in PBS for one hour. Cells were then incubated with primary antibodies in a staining solution (2% 401 secondary antibodies in staining solution for 1 hour at room temperature, washed three times with PBS and 403 covered with 1 ml PBS containing a 1:10,000 dilution of Hoechst 33342 (Invitrogen, cat #H3570). Cells 404 were imaged on a Nikon Ti-Eclipse inverted epi-fluorescent microscope. Primary antibodies were mouse 405 monoclonal anti--catenin (R&D systems, cat #MAB13291, used at 1:200 dilution) and rabbit monoclonal 406 anti-IRF3 (Cell Signaling Technologies, Cat #11904S, used at 1:400 dilution). Secondary antibodies were 407
AlexaFluor 555 conjugated anti-mouse and anti-rabbit F(ab')2 fragments (Cell Signaling Technologies, cat 408 #4409S, #4413S, used at 1:1,000 dilution). 409 siRNA nucleofection 410 5X10 5 HDFn were washed once in PBS and nucleofected with 1µM siRNA against β-catenin 411 (Dharmacon, siGENOME Human CTNNB1, cat #M-003482-00-0005) or a scarmbeld siRNA control 412 (Dharmacon siGENOME Non-Targeting siRNA Pool #1, cat #D-001206-13-05) using the Human 413
Dermal Fibroblast Nucleofector TM Kit (Lonza, cat #VPD-1001). β-catenin expression was assayed 3 days 414 later by Q-PCR. 415
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